The neutrophil oxidative burst is a product of the regulated assembly of the multicomponent oxidase enzyme. Our aim was to compare the oxidative burst in term (n ϭ 10) and preterm newborns Ͻ31 wk gestational age (n ϭ 10) after stimulation with coagulase-negative staphylococci in vitro. Strains of Streptococcus epidermidis with different invasive and slime-producing properties, one strain of S. haemolyticus, and one strain of group B-streptococcus were investigated. A whole-blood flow cytometric assay using the oxidation of hydroethidine to ethidium bromide was used. The oxidative activity in unstimulated neutrophil granulocytes [polymorphonuclear leukocytes (PMNLs)] was similar in term and preterm newborns, but the preterm newborns showed a significantly lower capacity to up-regulate the oxidative burst intensity after bacterial stimulation (p ϭ 0.004). In the term but not in the preterm group, the oxidative burst intensity after bacterial stimulation correlated with the baseline oxidative burst intensity. After bacterial stimulation, there was a trend toward a greater percentage of activated neutrophils in the term group than in the preterm group, but the difference was less pronounced than that in oxidative burst intensity. Significant differences in oxidative burst response to different bacterial strains were observed (p Ͻ 0.001), but the differences could not be correlated exclusively to invasive capacity or slime-producing properties. It is concluded that the baseline oxidative activity is similar in term and preterm PMNLs but that preterm PMNLs have a decreased capacity to increase the oxidative burst in response to bacterial stimulation. Decreased activity in both humoral and cellular defense mechanisms contributes to the increased risk of invasive infections in newborn infants. Impaired neutrophil production and function in newborn infants are well documented (1); however, reports concerning neonatal phagocytosis and subsequent intracellular oxidative bacterial killing have been conflicting (2-4).
The neutrophil oxidative burst is a product of the regulated assembly of the multicomponent oxidase enzyme. Our aim was to compare the oxidative burst in term (n ϭ 10) and preterm newborns Ͻ31 wk gestational age (n ϭ 10) after stimulation with coagulase-negative staphylococci in vitro. Strains of Streptococcus epidermidis with different invasive and slime-producing properties, one strain of S. haemolyticus, and one strain of group B-streptococcus were investigated. A whole-blood flow cytometric assay using the oxidation of hydroethidine to ethidium bromide was used. The oxidative activity in unstimulated neutrophil granulocytes [polymorphonuclear leukocytes (PMNLs)] was similar in term and preterm newborns, but the preterm newborns showed a significantly lower capacity to up-regulate the oxidative burst intensity after bacterial stimulation (p ϭ 0.004). In the term but not in the preterm group, the oxidative burst intensity after bacterial stimulation correlated with the baseline oxidative burst intensity. After bacterial stimulation, there was a trend toward a greater percentage of activated neutrophils in the term group than in the preterm group, but the difference was less pronounced than that in oxidative burst intensity. Significant differences in oxidative burst response to different bacterial strains were observed (p Ͻ 0.001), but the differences could not be correlated exclusively to invasive capacity or slime-producing properties. It is concluded that the baseline oxidative activity is similar in term and preterm PMNLs but that preterm PMNLs have a decreased capacity to increase the oxidative burst in response to bacterial stimulation. Decreased activity in both humoral and cellular defense mechanisms contributes to the increased risk of invasive infections in newborn infants. Impaired neutrophil production and function in newborn infants are well documented (1); however, reports concerning neonatal phagocytosis and subsequent intracellular oxidative bacterial killing have been conflicting (2-4).
Coagulase-negative staphylococci (CoNS) are the major cause of neonatal septicemia in very low birth weight newborns (Ͻ1500 g) (5) . The production of extracellular slime (biofilm) has been proposed as a major virulence factor of Streptococcus epidermidis, although this issue is still under debate (2, 6) . In a previous study of neonatal blood isolates of CoNS, we found that one genotype predominated among the sepsis strains of S. epidermidis but not among the strains classified as contaminants. S. haemolyticus selectively colonized and infected the most preterm infants (7) .
The neutrophil bacterial killing is mediated by extracellular release of bactericidal proteins from the neutrophil secondary granulae and by intracellular oxidative and nonoxidative mechanisms (8) . The neutrophil oxidative burst is a product of the regulated assembly of the multicomponent oxidase enzyme (9) . Flow cytometric methods permit investigation of the oxidative burst in a whole-blood system, thus avoiding the procedure of preparing granulocyte samples and allowing investigation of very small blood sample volumes (10, 11) . Quantification of the oxidative burst using the oxidation of hydroethidine to ethidium bromide has been found to be closely correlated to the number of phagocytosed bacteria and thus can be used as an indirect measurement of phagocytosis (12) . Hydroethidine is readily transferred into the cell and is then oxidized to ethidium bromide at an early stage in the oxidative burst chain. Because ethidium bromide does not cross the cell membrane, only intracellular reactions are assessed (13) .
In most previous studies of the oxidative burst in newborns, formylmethionyl-leucyl-phenylalanine, phorbol myristate acetate, or other synthetic agents have been used for neutrophil stimulation (14 -17) . The aim of the present study was to investigate the neutrophil oxidative burst after stimulation with CoNS in term and very low birth weight newborns and to compare the oxidative response after stimulation with invasive and noninvasive bacterial strains.
METHODS

Patients.
Premature but otherwise healthy newborns who had a gestational age of Ͻ31 wk and were admitted to the neonatal intensive care unit of University Hospital (Örebro, Sweden) between April 2001 and January 2002 were recruited at 2-7 d of age. Exclusion criteria were signs of infection in the child or the mother, treatment with i.v. gammaglobulin or fresh frozen plasma, or respiratory distress requiring mechanical ventilation on the day of the study.
For the oxidative burst assay, 1 mL of blood was collected through an indwelling arterial umbilical catheter and distributed into a Na-Heparin tube (367671; Becton Dickinson, Franklin Lakes, NJ, U.S.A.; 30 USP heparin/mL). The sample was immediately transferred at room temperature to the laboratory for further investigation. Arterial blood, 0.25 mL, collected into a Microtainer EDTA tube (365955; Becton Dickinson) was obtained at the same time for determination of the total neutrophil count.
One healthy, term newborn who had a gestational age of 38 -41 wk and Apgar Ͼ7 at 5 min and was delivered after an uncomplicated pregnancy was recruited on each experimental occasion together with the premature newborn. Blood was collected simultaneously with the routine screening sampling for metabolic diseases at 3-5 d of age. The same volumes and tubes as for the premature newborns were used.
Control. One and the same healthy adult was included as a control in every experiment. The same blood sample volumes and test tubes as for the newborns were used.
Bacteria. From a former study of neonatal blood, isolates of CoNS strains with different genotypes and biochemical profiles were selected (7). After determination of slime production (see below), four strains of S. epidermidis were selected for the oxidative burst assay, together with one invasive strain of S. haemolyticus and one invasive strain of group B streptococcus (GBS) ( Table 1 ). The strains of S. epidermidis were selected to allow collection of isolates representing both sepsis and contaminant strains, slimeproducing and slime-negative strains, and strains with different genotypes and biochemical profiles. One of the sepsis isolates of S. epidermidis (94B080) represented the dominating genotype of the invasive CoNS strains in the former study (genotype A), whereas the other sepsis isolate (94B105) represented a unique genotype (single isolate). The isolate of S. haemolyticus represented an endemic strain identified on our neonatal ward in the former study. The GBS strain, capsular serotype III, represented a highly virulent clinical isolate from a newborn with sepsis and meningitis (18) . All bacteria were stored at Ϫ70°C pending further investigation.
Determination of slime production. Slime production by the strains of S. epidermidis was determined after 24 h of culture in tryptic soy broth with 0.25% glucose and staining with Trypan blue according to the method described by Mulder et al. (19) . Three reference strains of S. epidermidis were used as controls in the slime determination assay: ATCC 35982 (slimenegative), ATCC 35983 (slime ϩϩ), and ATCC 35984 (slime ϩϩϩ).
Bacteria for oxidative burst assay. For the oxidative burst assay, bacteria were cultivated on blood agar medium (4.25% Colombia II Agar; BBL Becton Dickinson and Company, Baltimore, MD, U.S.A.; 0.3% Agar No. 2 LabM, UK; 5% bovine blood) for 24 h at 37°C, recultivated, incubated for another 24 h at 37°C, and checked for purity. The GBS strain was incubated in 5% CO 2 at 37°C. Each bacterial strain was then suspended in PBS, washed once, and resuspended in PBS. After counting in a Bürker chamber, the bacterial density was adjusted to 10 bacteria per polymorphonuclear leukocyte (PMNL) for each study person.
Oxidative burst assay and flow cytometry. The neutrophil oxidative burst response was assessed with use of hydroethidine (Molecular Probes, Leyden, Netherlands) according to the method described by Kragsbjerg et al. (20) with minor modifications. Hydroethidine was dissolved in DMSO at a concentration of 1 mg/mL and stored at Ϫ70°C. Fifty microliters of heparinized whole blood was mixed with 10 L of hydroethidine 0.01 mg/mL in PBS in plastic tubes (Falcon 2058; Becton Dickinson) and incubated at 37°C for 15 min under mild agitation. Two sets of tubes for each bacterial strain and for each participating individual were prepared. Ten microliters of bacterial suspension was added. Two tubes with whole blood and hydroethidine for each study person served as controls. The tubes were incubated at 37°C under mild agitation for 0 and 30 min, and the incubations were then terminated by placing the tubes on ice. The samples were lysed and fixed using 1 mL of FACS Lysing Solution 10% (Becton Dickinson) at room temperature for 10 min. After centrifugation (300 ϫ g, 5 min) and removal of the supernatant, the pellet was resuspended in 1.5 mL of PBS with 1% formaldehyde, centrifuged, and resuspended in 0.4 mL PBS with 1% formaldehyde. The tubes were then stored at 4°C for a maximum of 18 h until analyzed. Flow cytometry analyses were performed using a FACScan flow cytometer (Becton Dickinson Immunocytometric Systems, San José, CA, U.S.A.) with computer-assisted evaluation of data (Cellquest software; Becton Dickinson). The instrument was set by means of the AutoComp test with minor modifications: the forward scatter threshold was raised to 180, and the sideward scatter threshold was lowered to 370. The fluorescence parameters from single cells were collected after gating using a combination of forward and sideward scatter. A total of 5000 PMNLs were analyzed per tube. The intensity of the oxidative burst was assessed on the basis of the mean fluorescence. The percentage of activated neutrophils was determined as events of fluorescence ϫ 100/5000 PMNLs.
Statistical methods. Statistical methods based on within-pair comparisons were used, and the observational unit in focus was the pair of newborns, one preterm and one term. Differences in mean fluorescence and in percentage of activated neutrophils by gestational age (group) or bacterial strain were assessed, using an ANOVA model for repeated measurements with two within-pair factors, i.e. group and strain, and an interaction factor (group*strain). In a first step, all strains were analyzed simultaneously, with use of a multivariate ANOVA (MANOVA) model. A univariate analysis with paired t test of the differences in mean fluorescence and percentage of activated neutrophils was used for further comparisons between the two groups of newborns. For post hoc assessments of the differences among the six bacterial strains within the two groups of newborns, pairwise comparisons with Bonferroni correction for multiple testing was used. The linear association between unstimulated PMNLs and PMNLs after bacterial stimulation, for each group of newborns separately, was estimated with Pearson's correlation coefficient. The significance level was set at p Ͻ 0.05, and 95% confidence intervals (CI) were constructed.
Ethics. The local ethics committee approved the study. Informed consent of the parents was obtained before recruitment of all newborns. Oxidative burst in unstimulated PMNLs in term and preterm newborns. In unstimulated PMNLs, there were no differences between the term and preterm newborns in the intensity of the oxidative burst or in the percentage of activated neutrophils. After 30 min of incubation without bacteria, there were still no differences between the two groups of newborns (Figs. 1 and 2, Table 2 ). At the start of incubation (0 min), there were no differences in oxidative burst intensity or in the percentage of activated neutrophils in the tubes with the different bacterial strains compared with PMNLs without bacteria (data not shown).
RESULTS
Patients
Oxidative burst intensity after bacterial stimulation in term and preterm newborns. The term newborns showed a higher capacity to up-regulate the oxidative burst intensity after bacterial stimulation compared with the preterm infants. After 30 min of incubation, the mean fluorescence was significantly higher in the term newborns than in the preterm newborns for all bacterial strains (MANOVA, the group factor, p ϭ 0.004; Fig. 1 ). In univariate analyses (t test), this difference was statistically significant for all bacterial strains (Table 2) .
Neutrophil activation in term and preterm newborns after bacterial stimulation. In both groups of newborns, there was a (Fig. 2) . The term newborns tended to show a higher percentage of activated neutrophils than the preterm group (Fig. 2 ), but this difference was not significant (MANOVA, the group factor, p ϭ 0.093). In univariate analyses (t test), significance was attained in two of the six strains ( Table 2) .
Oxidative burst response after stimulation with different bacterial strains. Within the two groups of newborns, significant differences between the oxidative burst responses to different bacterial strains were observed after 30 min of incubation. This applied both to the oxidative burst intensity (MANOVA, the strain factor, p Ͻ 0.001) and to the percentage of activated neutrophils (MANOVA, the strain factor, p Ͻ 0.001). However, the impact of bacterial strain seemed to differ between the two groups of newborns regarding the oxidative burst intensity, because a statistical interaction was found between group and strain (MANOVA, strain*group factor, p ϭ 0.036), but this was not seen for the percentage of activated neutrophils (MANOVA, strain*group factor, p ϭ 0.362). These differences could not be related exclusively to invasive properties or to slime production capacity. The slime-positive sepsis strain of S. epidermidis (94B105) and the strain of S. haemolyticus (95B535) formed a "high-response group" that displayed a comparably high response both in the oxidative burst intensity (Fig. 1) and in the percentage of activated neutrophils (Fig. 2) . The other bacteria formed a "low-response group" (the slime-negative sepsis strain of S. epidermidis, the two contaminant strains of S. epidermidis irrespective of slime production, and the GBS-strain; Figs. 1 and 2 ). Pairwise comparison strain by strain showed that these differences between the strains in the high-response and low-response groups were statistically significant both within the term group and within the group of preterm neonates. There was no difference in oxidative burst intensity or in the percentage of activated neutrophils between the strains either within the high-response or within the low-response group.
Correlation of oxidative burst activity between unstimulated and stimulated neutrophils. In the term newborns, the oxidative burst intensity after stimulation with the different bacterial strains correlated to that in unstimulated PMNLs after 30 min of incubation. In the preterm newborns, no such correlation was found (Table 3) . Regarding the percentage of activated neutrophils, the correlation between unstimulated and stimulated PMNLs in the term newborns varied according to bacterial strain but with low values. In the preterm newborns, there was a strong negative correlation between the percentage of activated neutrophils after bacterial stimulation and that in unstimulated PMNLs after 30 min of incubation (Table 3) .
Control. The mean fluorescence in unstimulated PMNLs in the adult control after 30 min of incubation was 48.7 (SD 18.02), and the mean percentage of activated neutrophils was 3.2% (SD 1.75%).
DISCUSSION
In the present study, preterm neonates showed a lower capacity to up-regulate the neutrophil oxidative burst after bacterial stimulation compared to term neonates. This difference in oxidative burst intensity between the two groups was highly statistically significant for all bacterial strains. The neutrophil respiratory burst represents the oxygen-dependent chain of intracellular reactions producing a number of bactericidal metabolites such as superoxide anion, hydrogen perox- ide, and hydroxyl radicals (9) . The intracellular production of superoxide and hydroxyl radicals in neutrophils of preterm newborns after stimulation with formylmethionyl-leucylphenylalanine or phorbol myristate acetate is reduced (14 -17) . Our study verifies that the oxidative burst intensity in preterm neutrophils is impaired also after stimulation with living bacteria and in a whole-blood system, including autologous humoral factors such as immunoglobulins and complement. We found a tendency toward a lower percentage of oxidative active neutrophils after bacterial stimulation in preterm compared to term newborns, but this difference was not statistically significant. In view of the highly significant difference in oxidative burst intensity between the two groups of newborns, this might indicate that the main difference between term and preterm neutrophils lies in the efficacy of the intracellular bactericidal reactions after phagocytosis and not in the percentage number of phagocytosing active neutrophils. However, preterm newborns have significantly lower absolute numbers of PMNLs than term newborns (1) . Under in vivo conditions, the number of phagocytosing active neutrophils is probably lower in preterm than in term newborns.
We found no difference between term and preterm newborns in the oxidative burst in unstimulated PMNLs. The correlation of the oxidative burst intensity between stimulated and unstimulated PMNLs observed in term newborns suggests regulated upgrading of the neutrophil activity after bacterial stimulation. In the preterm newborns, the oxidative burst intensity response seemed to be less organized and to show no correlation to the spontaneous activity. Furthermore, in preterm newborns, the correlation between the percentages of activated neutrophils before and after stimulation was negative. This might indicate an exhaustion phenomenon with a reduced ability of preterm newborns to maintain the numbers of phagocytosing active neutrophils over time.
Our study was not designed to compare adults and newborns, because one adult control participated in all experiments. The lower oxidative burst activity found in the adult control, however, is in accordance with earlier reports (21) .
In the present study, differences were found between the oxidative burst responses to different bacterial strains, but the differences could not be correlated exclusively to the invasive capacity or slime-producing properties. The production of slime (biofilm) is reported to be a major virulence factor in S. epidermidis (22, 23) , but most of the previous studies on this issue have addressed prosthetic infections in adult patients. Our results support the idea that the slime-producing capacity of S. epidermidis does not in itself result in escape from phagocytosis and an oxidative burst. This is in accordance with earlier reports on suspended CoNS (2, 6, 24) . The phenotypic variation in the production of slime according to environmental factors is well documented (25, 26) , and the expression of slime on the nutrient-rich medium used in the oxidative burst assay might be depressed. However, the impact of slime as a virulence factor in neonatal CoNS sepsis is not clearly established, and other virulence factors may be of greater importance in preterm newborns.
Among the sepsis strains of S. epidermidis, one strain (94B080) belonged to the predominating genotype among the invasive CoNS isolates characterized in a former study (7) and thus possibly represented a more virulent clone. It is notable that this slime-negative strain of S. epidermidis evoked a lower oxidative burst than the sepsis strain of S. epidermidis, representing a unique and slime-positive isolate (94B105), and a response similar to that induced by GBS, a bacterial species that is highly virulent in neonates. One might speculate whether induction of a lower neutrophil oxidative response corresponds to a higher bacterial invasive capacity.
In a previous study, S. haemolyticus was found to infect the most preterm newborns (7) . In the present study, that strain of S. haemolyticus (95B535) resulted in a comparably high oxidative burst in both term and preterm newborns. The selective capacity of S. haemolyticus to infect preterm newborns found in the previous study might be due to defects in other host defense mechanisms of importance at an earlier stage than the final intracellular bactericidal activity. Another example of the importance of earlier steps in the host defense might be the two contaminant strains of S. epidermidis: despite the induction of a low oxidative burst response (similar to that to bacteria with a high invasive capacity), they were clinically proved to be noninvasive.
The final neutrophil intracellular bacterial killing depends on the interaction between the oxidative burst and proteolytic and cationic proteins released from the neutrophil primary granulae into the phagosome (27) . Reeves et al. (27) recently demonstrated that the oxidative metabolites enhance release and activity of granulae proteins by activation of Kϩ influx into the phagosome and also suggest that the interaction between the oxidative and protein bactericidal systems might be of importance for a balanced neutrophil response, thus minimizing undesired tissue damage by uncontrolled release of neutrophil oxidative and proteolytic products. Our study demonstrates a reduced and perhaps less organized oxidative response in preterm PMNLs after bacterial challenge. The protein content in neonatal neutrophil granulae compared to adults differs in different proteins. For an example, preterm neutrophils show a reduced release of bactericidal/permeability-increasing protein, which is essential in the defense toward Gram-negative bacteria (28) , whereas the release of myeloperoxidase is similar in newborns compared with adults (14, 15, 28) . A lower bactericidal capacity of CoNS in preterm PMNLs compared to term newborns or adults has been reported (2), but studies of the correlation between neonatal neutrophil oxidative burst and bactericidal capacity in response to CoNS remains to be carried out. The oxidative burst assay used in the present study proved to be suitable for neonatal studies. Further investigations of the interaction between the oxidative and proteolytic bactericidal mechanisms in neonatal neutrophils are of interest.
